Plasma-mediated ablation makes use of high energy laser pulses to ionize molecules within the first few femtoseconds of the pulse. This process leads to a submicrometer-sized bubble of plasma that can ablate tissue with negligible heat transfer and collateral damage to neighboring tissue. We review the physics of plasma-mediated ablation and its use as a tool to generate targeted insults at the subcellular level to neurons and blood vessels deep within nervous tissue. Illustrative examples from axon regeneration and microvascular research highlight the utility of this tool. We further discuss the use of ablation as an integral part of automated histology. The classic application of light microscopy to studies in physiology is observational; the illumination is typically too weak to affect the preparation. Yet the focused illumination in light microscopy can be strong enough to influence the chemical and physical structure of the sample and thus constitutes a means to manipulate living preparations. At the level of molecular studies, optical tweezers allow the application of forces and torques to individual molecules attached to dielectric microspheres [1, 2] . At the level of subcellular organelles, photo-switching of fluorescent labels can toggle molecules between active and inactive states [3, 4] , while photo-activation of ions and small molecules provide a means to alter the chemical milieu within diffraction-limited volumes [5] . At the level of cells, photo-switching of bound ligands can lead to agonist binding [6] , while light-activated membrane channels and pumps provide a means to change the electrical potential across cell membranes [7] . Lastly, at the level of tissue, plasma-mediated ablation provides a means to cut diffraction-limited volumes of tissue, with minimal heating, and thus to transect cells and their processes within a larger volume [8 ,9]. This last application is the subject of this review.
The classic application of light microscopy to studies in physiology is observational; the illumination is typically too weak to affect the preparation. Yet the focused illumination in light microscopy can be strong enough to influence the chemical and physical structure of the sample and thus constitutes a means to manipulate living preparations. At the level of molecular studies, optical tweezers allow the application of forces and torques to individual molecules attached to dielectric microspheres [1, 2] . At the level of subcellular organelles, photo-switching of fluorescent labels can toggle molecules between active and inactive states [3, 4] , while photo-activation of ions and small molecules provide a means to alter the chemical milieu within diffraction-limited volumes [5] . At the level of cells, photo-switching of bound ligands can lead to agonist binding [6] , while light-activated membrane channels and pumps provide a means to change the electrical potential across cell membranes [7] . Lastly, at the level of tissue, plasma-mediated ablation provides a means to cut diffraction-limited volumes of tissue, with minimal heating, and thus to transect cells and their processes within a larger volume [8 ,9] . This last application is the subject of this review.
Principles and practice of plasma-mediated ablation
Pulsed laser systems easily achieve the high instantaneous peak powers necessary to induce nonlinear absorption, while maintaining sufficiently low average powers to avoid linear heating of the sample. This enables nonlinear imaging of biological structure and function [10] , including two-photon laser scanning microscopy [11] [12] [13] , second [14] [15] [16] and third harmonic [17] [18] [19] [20] [21] [22] imaging, and coherent anti-stokes Raman spectroscopy [23, 24] . The crucial issue, especially for in vivo imaging, is that the nonlinear absorption allows excitation to occur only in the focus volume so that all excited molecules are a potential source of signal. Thus, optical sectioning is performed solely by the excitation beam. Fluorescently labeled cells deep below the surface of brain tissue, as much as 1000 mm under optimal conditions, may be imaged [25] [26] [27] .
Plasma-mediated ablation with pulsed laser excitation builds on the concept of local excitation through nonlinear absorption, yet uses energy levels that are high enough to tear molecules apart rather than just drive the electronic transitions that lead to fluorescent relaxation [8 ] . Energy fluence, defined as the energy per unit area in the pulse, is a natural metric to describe the extent of material damage produced by a short laser pulse focused to a spot. As an example, consider a 100-nJ, 100-fs pulse that is focused to an 1-mm 2 area; this yields a fluence of 1 J/cm 2 or equivalently, an intensity of 10 13 W/cm 2 and an electric field of $10 8 V/cm ( Figure 1 ). This field is within an order of magnitude of the $10 9 V/cm electric field that binds valence electrons and thus is sufficiently strong to ionize molecules at the focus. This can lead to the formation of a bubble of plasma at the focus.
The growth of the plasma bubble occurs as a two-step process. In the first step, bound electrons are freed from their molecular orbitals by interaction with the electric field of the laser pulse, either by a process of multiphoton absorption or Zener electron tunneling ionization [28 ] . In the second step, the free electrons seed an impact ionization cascade that involves acceleration of the electrons by inverse-Bremsstrahlung absorption, in which an electron absorbs photons while colliding with molecules. After several absorption events, the free electrons achieve sufficiently high kinetic energy to ionize another molecule by impact ionization. This cascade, along with the continued generation of photoelectrons, leads to the exponential growth of a micrometer-sized plasma bubble. As the electron density grows, the plasma eventually becomes sufficiently conductive to limit the penetration of the incident light to a skin depth of only tens of nanometers [28 ] . This restricted penetration depth provides axial localization that is far less than the confocal length, or focal depth, of the incident light.
The termination of the laser pulse is followed by recombination of the free electrons with the positively ionized molecules at the focus. This occurs on the picosecond time scale of electron collisions at typical electron densities and leads to a transfer of energy from the electrons to the material on a timescale that is short compared with the $100 ps acoustic relaxation time in the material. The result is a dramatic pressure increase within the excitation volume that can produce a rupture of the material and form a cavitation bubble. The bubble constitutes the region of ablation. The expansion of the cavitation bubble is associated with an acoustic shockwave that also propagates into the surrounding tissue ( Figure 2a ) and has the potentially deleterious effect of spreading damage into the sample.
Necessity of femtosecond pulses
The key aspect of plasma-mediated ablation is the generation of the initial free electrons that seed the inverseBremsstrahlung absorption. For near infrared light, the necessary intensity for this process is $10 11 W/cm 2 [8 ] . For nanosecond pulses, this is achieved with a 1-mJ, 1-ns pulse focused to a 1-mm 2 area, which corresponds to a fluence of 100 J/cm 2 . By contrast, 100-fs pulses are too short-lived to achieve critical density from the cascade of a single, or few, seed electrons. Thus, for 100-fs pulses, a higher intensity irradiance, that is, $10 13 W/cm 2 [29] , is necessary to achieve plasma-mediated ablation. This can be achieved with a 10-nJ, 100-fs pulse, focused to a 1-mm 2 area, corresponding to a fluence of 1 J/cm 2 ( Figure 1 ). In this case the $10 11 W/cm 2 intensity for seed generation is far exceeded over the duration of the ultrashort pulse, during which time both seed generation and avalanche cascade act concurrently to reach the critical electron density. Notably, the total pulse energy for the 100-fs case is a factor of 100 less than for nanosecond pulses, which substantially reduces collateral damage from heating, bubble expansion, and shockwave release. For this reason, ablation of fine structures is best performed with 100-fs pulses and fluences close to the threshold of approximately 1 J/cm 2 .
Figure 1
Scales in plasma-assisted optical ablation. A Ti:Sapphire oscillator produces a roughly 100-MHz train of 10-nJ, 100-fs pulses, to achieve a peak power of 0.1 MW at an average power of 1 W. By contrast, a current state-of-the-art amplified Ti:Sapphire system, may produce a roughly 10 kHz train of 100 mJ 100-fs pulses, to achieve a peak power of 1000 MW at the same average power of 1 W.
Light sources for plasma-mediated optical ablation
The underlying architecture of all amplified femtosecond systems follows a plan that is essentially independent of the gain medium [30, 31] . First, the pulse train from a 100-fs oscillator is subsampled and sent to an optical stretcher, which expands the pulse width from hundreds of femtoseconds to hundreds of picoseconds. Second, the stretched pulses pass through a gain stage, which increases their energy from nanojoules to upwards of a millijoule. Finally, an optical compressor restores the pulse width to the original 100-fs width [32] . Heat dissipation by the gain stage suggests the need to maintain an average power level of 1-3 W throughout the system. Optical amplifiers operate at much lower repetition rates, typically one to several hundreds of kilohertz, than the hundred megahertz of oscillators. For an average power of 1-3 W, the corresponding pulse energy is 1 mJ per pulse. For amplified, compressed pulse durations on the order of 100 fs, these pulse energies and repetition rates are sufficient to enable rapid ablation of tissue near the surface or to allow high-precision ablation deep within scattering tissues.
Ti:sapphire-based femtosecond oscillator/amplifiers are presently the dominant choice of laser system for concurrent imaging and ablation, with most amplifiers tuned near the peak of the fluorescent spectrum of Ti:sapphire at l center = 800 nm [33] . Ytterbium-based systems have desirable average power characteristics for an amplifier [34, 35] , although they feature slightly longer pulse widths, that is, $200 fs or greater. Further, because Ytterbium-based systems operate at l center = 1030-1070 nm, where dispersion is low, they require little, if any, dispersion compensation. From a more pragmatic point of view, Ytterbium sources can be pumped with inexpensive, long-lasting semiconductor diode lasers, which make them very cost-effective systems to use and maintain. The design of amplified laser systems is an ongoing, competitive process [36] , with fiber-based lasers as the latest emerging design [37] .
Importance of beam profile
A key parameter for ablation is the spatial profile of the beam, as hot spots on the focused beam profile can result in a striated ablation zone. It is desirable to maintain a flat spectral phase, a flat spatial phase front, and smooth spatial and spectral amplitudes to achieve the best possible ablation conditions. Interferometric methods exist for concurrently measuring the spatial and spectral characteristics of an ultrashort pulse [38] . In essence, the Phenomenology of plasma-mediated ablation. (a) Visualization of the time evolution the plasma bubble and acoustic pressure wave induced by an $100-fs ablation of water with a 1-mJ pulse. The visualization was effected with delayed pulses that were frequency doubled, expanded, and collimated to form an illumination beam. Adapted from Schaffer et al. [82] . (b) Scanning electron micrograph of submicrometer damage at the surface of glass that was produced by femtosecond ablation with a high numerical aperture objective and laser pulses near the threshold energy. Arrows depict smooth surfaces that underlie debris that is deposited around the central crater. Adapted from Joglekar et al. [28 ] . (c) Scanning electron micrograph of a groove machined at a glass-water interface using a sequence of femtosecond pulses spaced 50 nm apart. The red circle indicates the e À2 spot size of the Gaussian laser beam. Adapted from Joglekar et al. [28 ] . (d) A line cut in fixed cerebellar tissue, derived from a transgenic mouse in which the Purkinje neurons are endogenously labeled with cyan fluorescent protein, with an intermediate numerical aperture (0.3 NA) objective. The beam was focused just below the tissue and thus results is a deep but wide cut; the image corresponds to maximal projections through a depth of 3 mm. Adapted from Tsai et al. [39 ] . (e) Detail of the ablated surface for fixed cortex from mouse cut with 100-fs pulsed laser light. The laser was focused onto the cut face with an intermediate numerical aperture objective (0.5 NA) and single passes were made to optically ablate successive planes at a depth of 10 mm each. Samples were stained with 5-hexadecanoylamino-fluorescein and imaged with two-photon microscopy. Adapted from Tsai et al. [39 pulse from the microscope is interfered with a reference pulse using a Michelson interferometer, where the microscope is one arm of the interferometer. The output of the interferometer is recorded through an imaging spectrometer so that spatial information is on one axis and spectral information is along the second axis of the resultant interferogram. This allows the spectral and spatial phase and amplitude characteristics of the beam to be extracted simultaneously. For example, Amir et al. [38] directly measured the increase in duration of a 50-fs laser pulse that was focused by a 1.25 NA, 100-times magnification oil immersion objective. The increase in duration at the focus resulted from spherical and chromatic aberrations; the former aberration leads to a larger focal spot size and will degrade the optical performance of an ablation system.
Realization
Plasma-mediated ablation is best used in coordination with an imaging system. For subsurface ablation, this requires the integration of an amplified 100-fs source with a two-photon laser scanning microscope. The two beams may be combined with a dichroic beam splitter if they are at different wavelengths. However, since Ti:sapphire oscillators are usually used for both imaging and ablation beams, it is convenient to combine them with a polarizing beam splitter. A specific realization has been detailed [39 ,40 ,41] , together with software to drive the composite system [42] .
Examples from nonliving samples
The sharp threshold and reproducibility of ablation with 100-fs pulses has been exploited to produce reliable subdiffraction limited features in a broad range of materials [28 ,43,44] . For example, Joglekar et al. [28 ] have produced holes with diameters of $100 nm in glass using a l center = 1.053 mm excitation wavelength and pulse widths on the order of 800 fs (Figure 2b and c) . Conversely, for large-scale ablation, the low energy fluence threshold for 100-fs pulses results in minimal mechanical and thermal collateral damage compared to longer pulses. While biological samples pose challenges that may mitigate such fine control of ablation, the results for glass provide a proof of principle for what may be achieved.
Applications of plasma-mediated ablation to neurobiology
Plasma-mediated ablation has been applied to many preparations in biology [9] , from cutting subcellular organelles in cultured cells [45] [46] [47] and processes in multicellular organisms [48] [49] [50] [51] [52] to ablating bone, dentine and enamel [53] , cornea [54] [55] [56] , epithelia [57] , neuronal [39 ,58-60] , and vascular [40 ] tissue. Here we focus on applications in neurobiology, where pulse energies and focus points are typically chosen to remove larger volumes of material than is the case for minimal ablation of a glass surface. This typically results in $1 mm cuts (Figure 2d and e) .
Axon cutting and regeneration
The roundworm Caenorhabditis elegans is composed of 959 somatic cells, 302 of which are neurons. Axons in C. elegans grow either directly over basement membranes or form bundles of up to 120 processes. The worm is optically transparent, and transgenic expression of fluorescent proteins in neurons allows direct visualization of individual nerves in living animals. Recent work exploits these optical properties to perform plasma-mediated ablation of single axons in live animals [48] [49] [50] [51] [52] ; the example in Figure 3 shows ablation and regrowth of mechanosensory neurons.
The use of plasma-mediated ablation provides a unique means to study regrowth of the damaged axon as well as recovery of physiological behavior. This led to the realization that several types of neurons can regenerate rapidly following a single cut in the axon. The rate and precision of regenerative growth by the injured axons exhibits cell type, process type, and developmental stage specificity. For example, mechanosensory axon regrowth varies depending on whether the axon is cut proximal or distal to a collateral synaptic branch [49 ] . The intrinsic growth ability of severed axons requires known cytoskeletal regulators, such as Lamellipodin and Enabled [50] . The combination of a large set of genetic mutants and RNA interference is facilitating investigation of the genetic factors influencing axon regeneration in a semipermissive environment. In addition, the precision of plasma-mediated ablation has helped to determine the roles of specific cell processes in behaviors such as thermosensation [61] and egg-laying [62] .
The development of microfluidic chambers to immobilize animals in the absence of anesthetic gives promise to overcome the technical hurdles of time-lapse imaging of regenerating axons and repair [51 ,61,63 ]. By combining microfluidic devices with automated imaging and plasmamediated ablation, it may be possible to perform highthroughput studies of neuronal damage responses [63 ] .
In situ keratomileusis
In traditional laser in situ keratomileusis (LASIK), a microkeratome is used to mechanically cut a corneal flap that is 100-200 mm in thickness. An eximer laser is then used to ablate the stromal bed of the cornea, after which the corneal flap is replaced. In a recent incarnation of LASIK, plasma-mediated ablation is used to make a subsurface cut in the cornea to generate the flap, obviating the need for a microkeratome [64, 65] . As in the traditional case, an eximer laser is used to ablate the stromal bed of the cornea. The use of plasma-mediated ablation has the potential advantage of making a thinner and more uniform corneal flap compared with the use of a microkeratome [66] . Beyond this, there are currently no clear differences in the long-term surgical outcome of the two methods [67, 68] .
Vascular occlusion and models of stroke
Until recently, manipulation of cortical blood flow in animal models of stroke has been limited to large-scale occlusions that stop or reduce flow to a large fraction of the cortical vasculature [69, 70] . Recently, a technique was developed that utilizes 100-fs laser pulses to disrupt the flow in a single cortical microvessel [40 ,70] . A cranial window is implanted in an anesthetized rat to gain optical access to neocortex, and blood plasma is fluorescently labeled by intravenous injection of fluorescein-isothiocyanate-dextran so that blood cells appear as dark objects on a bright background [71] [72] [73] . The motion of red blood cells (RBCs) as well as the diameter of the vessel are visualized through water-immersion objectives using two-photon microscopy.
By focusing low-to-moderate energy laser pulses, that is, 0.1-1 mJ, into the lumen of a microvessel, three models of vascular disruption could be generated (Figure 4) . The application of a single $1 mJ pulse could produce a complete rupture of the individual vessel, while flow is left intact in surrounding vessels. This hemorrhagic rupture released both blood plasma and RBCs into the surrounding tissue. By contrast, extravasation of blood plasma into the extracellular space, but no interruption in the flow of RBCs, is induced when the pulse energy is reduced to between 0.1 and 0.5 mJ. Finally, continued ablation of the targeted vessel with additional pulses of the same energy led to the formation of a clot and cessation of blood flow within the targeted vessel.
This technique provides a singular means to target occlusion to subsurface vessels. Studies to date have shown that blockage of a single microvessel leads to disruption of flow at the nearest and next-nearest downstream vessels, but that the disturbance is ameliorated for more distant vessels presumably by the presence of loops within the vascular network [40 ] . The ability to monitor flow before and after an occlusion suggests that this technique may be applicable to the study of interventional therapies for microstrokes.
All-optical histology
The activity of neuronal cells relies crucially on blood flow in the brain to supply them with oxygen and nutrients and to remove waste and heat. Changes in the distribution of blood, as occurs both physiologically during heightened mental activity and pathologically during disease states, impact the function and survivability of the surrounding tissue. To quantify the distribution of cortical blood flow, as well as its dynamic response to changes in energetic needs, an angiotome, that is, a complete fully connected three-dimensional map of brain vasculature, is required.
As a means to complete the angiotome, all-optical histology [39 ] utilizes two-photon laser scanning microscopy coupled with plasma-mediated ablation to image vascular structures throughout millimeter-scale blocks of histological cortical tissue (Figure 5a ). Plasma-mediated ablation with moderate pulse energies, that is, $1 mJ, is used to remove $0.1 pL of tissue per pulse from the previously imaged surface, thereby exposing underlying tissue for the next round of two-photon imaging. Overlapping image stacks are taken that range in depth from 50 to 150 mm, depending on the optical quality of the tissue, and nominally two-thirds of the previously imaged tissue is removed at each round of ablation.
After the entire tissue block has been processed in this manner, a three-dimensional montage is made from the individual image blocks; this is illustrated in Figure 5b for a cubic millimeter of fluorescently labeled vasculature in mouse cortex. Algorithms for the automatic vectorization of these vascular structures along with segmentation and classification of surrounding neuronal tissue are currently being developed [74, 75] . Lastly, all-optical histology should be appropriate for the reconstruction of labeled neurons at the level of tracing axonal projections and dendritic arborization, albeit not synaptic contacts.
Thermal tissue damage at subcritical levels of fluence Intermediate levels of fluence can produce seed electrons but are insufficient to drive the cascade of ionization that leads to formation of a high-density plasma followed by material rupture and cavitation. Nonetheless, the production of low-density plasma and the pulseto-pulse accumulation of heat can act to locally modify the tissue by chemical and thermal means. This procedure has been used to disrupt cell membranes for transient cell transfection [47] , as well as induce damage to dendritic processes [76] and vascular walls [77] . The nonlinear absorption of infrared light by hemoglobin contributes to the heating process at fluences greater than 0.05 J/cm 2 [78] .
Emerging application to neuronal cell ablation
The use of plasma-mediated laser ablation to perturb a biological system holds two major advantages over traditional techniques, such as electrical or pharmacological ablation of large tissue regions. The first is the high degree of localization of damage. This allows for selective ablation of subcellular structures, as illustrated by the axon cutting [48] (Figure 3 ) discussed above, as well as by work on the ablation of mitochondria [79, 80] . The second advantage is the ability to target many more individual cells for manipulation than would be feasible by mechanical methods, including those that involve a micropipet to deliver pharmaceuticals.
Network phenomena and the convergence of multiple inputs onto a single cell, cortical column, or vascular unit all play important roles in neurophysiology. The ability to progressively remove selected inputs to a system while simultaneously monitoring the resultant change in dynamics in vivo may help elucidate emergent properties of nervous systems. The use of femtosecond plasmamediated ablation to remove multiple neurons of a specific neuronal subclass, as identified by cell-specific endogenous fluorescence in transgenic mice, is being actively pursued. Pilot studies have demonstrated the ability to ablate a cell while maintaining normal electrophysiological responses in neighboring cells ( Figure 6 ). Techniques that use genetic manipulation and chemical induction to inactivate specific neuronal subclasses will be more selective than plasma-mediated ablation and have the further potential advantage of reversibility [81] . However, ablation has an advantage as a rapid method that does not rely on the fabrication of new animals.
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Conclusions
The deterministic, self-limiting and fine-resolution features of plasma-mediated ablation with 100-fs pulses make it attractive as a precise neurosurgical tool. Ongoing in vivo applications include the targeted ablation of cellular components, including axons, somata, and microvessels, as a tool to study the response of brain cells to direct perturbations. Additional applications include automated, block-face imaging of fixed tissue and the possible extension to automated surgery of bone, chitin, and corneas of living preparations. Application of plasma-mediated ablation to single-neuron studies in brain slice. A coronal brain slice from a P18 mouse in which pyramidal neurons are endogenously labeled with yellow fluorescent protein was imaged with two-photon microscopy. All images are at a depth of 50 mm. The first image was obtained before laser ablation. The second image was taken 1 s after the application of a single 0.04 mJ pulse to the targeted neuron (red arrow) with a high numerical (0.8 NA) objective. A bubble results from the ablation and collapses after $2 s. The target neuron then slowly fades. By the third image, taken 160 s after the ablation pulse, the target cell is no longer visible as the endogenous cytosolic fluorescence has leaked. Note that neighboring pyramidal neurons remain sharply in focus and maintain their fluorescence and morphology.
